Abstract-Generated harmonic current as a consequence of employing power electronics converter is known as an important power quality issue in distribution networks. From industry point of view, complying with international standards is mandatory; however, cost and efficiency are two other important features, which need to be considered in order to be competitive in the market. Therefore, having a flexibility to meet various requirements imposed by the standard recommendations or costumer needs is at most desirable. This makes the generated harmonic current mitigation a challenging task especially with three-phase diodebridge rectifier, which is still preferred in many power electronic systems. This paper addresses a novel current modulation strategy using a single-switch boost three-phase diode-bridge rectifier. The proposed method can selectively mitigate current harmonics, which makes it suitable for different applications. The obtained results at experimental and simulation levels verify and confirm the robustness of the proposed approach.
systems. However, the diode rectifiers impose a higher level of line current harmonics. Over the past years, many approaches have been studied and introduced from absolutely passive up to fully active methods [1] , [4] - [10] . A majority of these methods have targeted pure sinusoidal waveform generation, and as a consequence, cost and complexity have been significantly increased. Of course, having a low total harmonic current distortion (THD i ) improves the system efficiency, but this is of interest for specific applications such as space-and airborne industry, where the cost of the power converter is not the main concern. However, with most applications such as industrial adjustable-speed drives (ASDs), switch-mode power supplies, and home appliances, the key of success is to perform a tradeoff between efficiency and cost since many manufacturers are competing in the market. Therefore, as long as the power electronic system complies with the recommended standards, there is no need to obtain a pure sinusoidal current waveform. Moreover, due to the cost, power density, and limited power ratings of the components, many of the prior-art approaches are not applicable at medium-and high-power levels.
With the rapid growth of power electronics applications, the standard recommendations such as IEC61000 are continuously updating and becoming more stringent. In addition, the demands on various power level and costumer needs are extending. These bring the absolute interest of having a flexible system which can be adapted with varied situation as it can reduce the cost of the system significantly. This paper proposes a novel current modulation strategy to reduce low-order harmonic current components. The objective of the proposed method is to address a flexible selective harmonic mitigation technique suitable for various applications. One of the main aims in this study was to apply an active filtering method as an intermediate circuit to the conventional three-phase diode rectifier. This way, no major modifications is required for the systems which are equipped with the threephase diode rectifier. Therefore, the proposed current modulation strategy is applied to a single-switch boost topology operating in continuous conduction mode (CCM). Considering this situation, its only counterpart harmonic mitigation methods with boost capability which are applied to the conventional diode rectifier are Δ-rectifier and boost converter operating in discontinuous conduction mode (DCM) [5] . The Δ-rectifier principle is based on phase-modular power factor correction (PFC), meaning that three-phase diode rectifiers with boost converter at their dc-links are applied to each phase. Its advantage is the ability to significantly improve the input current 0093-9994 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. quality; however, the main drawback of this topology is the presence of high number of power switches, high complexity, and lower efficiency comparing with a single-switch boost converter. The DCM single-switch boost converter requires three inductors at the ac-side of the diode rectifier. More importantly, this topology suffers from the large electromagnetic interference (EMI) filtering effort (i.e., due to the DCM operation), and for effective harmonic mitigation, its output voltage should be boosted above 1 kV (i.e., for grid-phase voltages of 220 or 230 Vrms) [5] . This paper is organized as follows. Section II provides detailed analysis of selective harmonic mitigation using the proposed current modulation strategy. In Section III, practical design considerations with respect to the boost inductor and modulation signal generation are pointed out. The obtained experimental results that are summarized in Section IV validate the performance of the proposed method. Section V recalls a brief overview on the perspectives of the proposed method in multipulse rectifier systems based on comparative numerical simulation results. Finally, concluding remarks are given in Section VI by highlighting the main achievements and providing suggestions for further studies.
II. PROPOSED CURRENT MODULATION STRATEGY

A. Principle of the Proposed Method
In order to understand the basic principle of the proposed method, let us first consider the circuit diagram depicted in Fig. 1 . As it can be seen, the current source at the dc-link side of the rectifier draws a constant current which is equal to I 0 . Therefore, the input current will be a square-wave with 120
• conduction due to the fact that at each instant of time, only two phases conduct and circulate dc-link current through the main supply. Due to the nature of a three-phase system (120 • phase shift), the corresponding phase shift for any triple harmonic would be a multiple of 360
• , and since the currents at each instant are identical with opposite amplitude, the sum of line currents i a , i b , and i c is zero at all instants of time, which makes them to be free from triple harmonics in a balanced system. The currents are also void of even harmonics because of the half-wave symmetry of the waveforms which, as a matter of fact, makes the most prominent harmonics in this system to be the fifth, seventh, eleventh, and thirteenth [11] .
The proposed idea is based on adding (or subtracting) phasedisplaced current levels to the square-wave current waveform in order to manipulate the current harmonic components [12] , [13] . To keep the above-mentioned properties (free of triple and even harmonics), the newly added pulse should be repeated 1/6 of the period. For instance, Fig. 1 depicted two sectors of 1 and 2, where, at each sector, i a is circulated through one of the other current phases. Now, if the new level is added at sector 1, it should be exactly repeated in sector 2 [see Fig. 2(a) ]. This means that the frequency of the added pulse at the dc-link should be six times of the fundamental frequency; therefore, it can be repeated at each phase current. Fig. 2(a) illustrates the detailed analysis of the proposed idea for only one new level added to a constant square wave. As can be seen, the proposed current waveform comprises three square-wave signals with different magnitudes and pulsewidths. The first current waveform has the magnitude of I 0 with the conduction phase angle of 30
• , which is defined based on the normal operating modes of a three-phase diode rectifier, and the conduction phase angle cannot be altered. The second current waveform has the magnitude of I 1 with the conduction phase angle of α 1 . The third current waveform has the magnitude of I 1 but with a different conduction phase angle (α 11 ). These current waveforms can be analyzed based on a periodic squarewave Fourier series in which the fundamental input current magnitude and its harmonics can be calculated as follows:
Equation (1) shows that the fundamental current can be defined by selecting the variables I 0 , I 1 , α 1 , and α 11 , but a main consequence will be on harmonic magnitudes. According to the line current waveform depicted in Fig. 2(a) , the following condition should be valid:
Considering (1) and (2) and having α 1 and α 11 as the switching angles, up to two selected low-order harmonics (i h and i j ) can be cancelled out. The mathematical statement of these conditions can be expressed as (3). This is a system of three transcendental equations with three unknown variables I 0 , I 1 , and α 1
The proposed method can be further extended to a multilevel current waveform. Fig. 2 (b) illustrates a generalized pulse-modulated current waveform, where m is the number of switching angles. By extending (3) and using Fourier series, the amplitude of any odd nth harmonic of the stepped current waveform can be expressed as
According to Fig. 2 (b), α 1 to α m must satisfy the following condition:
From (5), it can be seen that the degree of freedom in manipulating the current waveform is only 60
• , which makes the control of the harmonic components a difficult task. Therefore, to give more flexibility to (4), the newly added levels should not necessarily have same amplitude. In addition, the amplitude could be positive or negative, which totally depends on the targeted harmonics and the desired modulation index M a (fundamental harmonic content). As the equations are nonlinear, numerical solutions are required to find proper values for these variables.
B. Optimum Harmonic Reduction
To target more harmonic components, the number of the current levels needs to be increased; however, on the other hand, it reduces the feasibility of practical implementation since the newly added levels and switching angles depend on the tracking performance of the power electronics unit and its controller. Therefore, in order to keep the number of the added current levels to minimum while obtaining desirable outcome, an optimization needs to be performed. The basic principle of the applied optimization is to consider the maximum permissible harmonic levels allowed by the application or the grid code. In other words, instead of fully nullifying, the harmonic components could be reduced to acceptable levels by adding suitable constraints (L n ) to the set of the above-mentioned equations. The problem is now described as an optimization function (F n ) that searches a set of α m and I m values over the allowable intervals
Based on (6) , an objective function needs to be formed to obtain a minimum error. The objective function (F obj ) plays an important role in leading the optimization algorithm to the suitable set of solution. Here, F obj is formed based on squared error with more flexibility by adding constant weight values (W n ) to each squared error function [14] . The value of the W n in the objective function prioritized the included functions as follows:
where n = 1, 5, 7, 11, 13, . . . .
III. IMPLEMENTATION DETAILS AND HARDWARE SETUP
To control the dc-link current shape and magnitude following the waveforms shown in Fig. 2 , a boost converter topology based on electronic inductor [12] , [13] , [15] - [19] concept is employed. Fig. 3 depicts the overall system structure and the implemented hardware setup. Using the conventional boost topology has the advantage of boosting the output dc voltage which is suitable when the dc-link is fed to an inverter. Moreover, as the dc-link current is controlled based on the load power, it has the advantage of keeping the THD i independent of load profile. Fig. 3(b) shows the implemented prototype. Here, one SEMIKRON-SKD30 was used as a three-phase bridge rectifier and one SEMIKRON-SK60GAL125 insulated-gate bipolar transistor (IGBT)-diode module is employed in the boost topology. A Texas Instrument TMS320F28335 is used for control purposes and LEM current and voltage transducers are used as measurement unit.
To synchronize the current controller with the grid, a secondorder generalized integrator (SOGI)-based phase-locked-loop (PLL) system is adopted [20] . As depicted in Fig. 3(a) , for simplicity, one line-to-line voltage is fed to the PLL, and therefore, the result will have 30
• phase shift regarding to the phase voltage, which should be corrected within the reference current generator algorithm. In order to obtain a discrete-time integrator for PLL and proportional-integral (PI) controller, the trapezoidal discretization method is used.
A. Boost Inductor
Selection of the boost inductor is a challenging task as it contributes to the system loss, power density, and current ripple.
To better understand this, the inductor current in a steady-state CCM is analyzed. Here, the switching frequency is considered to be high enough, so that the rectified voltage and output voltage are constant during one switching cycle. Therefore, the inductor value can be calculated as
where V o is the output voltage, f sw,avg is the average switching frequency, ΔI L,pk−pk is the peak-to-peak inductor current ripple, and D is the steady-state duty cycle of the boost converter. Using (8), the minimum required switching frequency (f sw,avg ) can be selected by considering the maximum peak-to-peak inductor current ripple (D = 0.5) as
Following (8) and (9), the optimum switching frequency can be selected by making a tradeoff among the system efficiency, size, and cost [21] . For example, the system efficiency can be optimized by minimizing the switching frequency by allowing more ripple current for high-power applications, and it will result in lower switching losses.
As mentioned before, the THD i can be independent of the load profile. Equation (10) can be rewritten based on the output average current as
with k ripple being the peak-to-peak ripple factor, I L the average inductor current, and I out the average output current. Hence, keeping the ripple factor as a constant value will make the input current quality independent of the load profile. However, careful selection of the ripple factor is needed, as it has direct impact on the ripple current, which, as stated in (9), can affect the inductor size, system efficiency, and cost [21] . Depending on the application requirement, the converter may operate in partial loading conditions such as in ASD applications. In partial loading condition, the dc-link current i L can become discontinuous which adversely affect the harmonicreduction performance of the proposed method. However, by suitable selection of the converter parameters, the converter can cover wide range of loading conditions. Therefore, in order to guarantee CCM operation of the converter, the parameters (i.e., f sw , L dc , ΔI L ) should be calculated based on the minimumintended output power. This condition based on boundary with r M being the ratio between the calculated current levels r M = I 1 /I 0 , and K a coefficient factor which depends on the applied modulation type as depicted in Fig. 4 . As it can be seen from Fig. 4 , three different modulations can be considered. The first type is when a new current level is added to the square-wave waveform (i.e., α 1 < 60 • ). The second type is conventional square-wave (i.e., α 1 = 60
• ). The third type is when a new current level is subtracted from the squarewave current (i.e., α 1 > 60
• ). In order to guarantee the CCM operation, the minimum applied current level should be considered. This condition is reflected using the calculated K factor in (11) . Therefore, considering the minimum-intended output power level, the converter parameters should be selected based on the applied current modulation type. For instance, under the same condition, the first and second types of modulation can operate in CCM operation at lower power levels comparing with the third modulation type, in which the current becomes discontinuous at higher power levels.
B. Modulation Signal
As illustrated in Fig. 3(a) , the reference current is formed by multiplying the voltage controller output by a preprogrammed modulation signal. Fig. 5 depicts the basic concept in generating the modulation signal (i.e., i M ) following Fig. 2(a) . As it can be seen, i M can be generated based on the sum of absolute values of three-phase input currents. The illustrated switching parameters (i.e., I 0 , I 1 , and α 1 ) at both grid side and dc-link currents helps to better understand this relation. As it can be seen, the period of the modulation signal i M is 1/6 of the input currents i abc . Therefore, the simplest way to generate and synchronize the modulation signal inside the controller is to compare it with a sinusoidal signal (i.e., | sin(3ω 0 t)|) using the PLL-estimated angular frequency (ω 0 ). Comparing the switching angles with the sinusoidal waveform yields the following simple conditions:
Here, based on the fact that the proposed method is adding or subtracting phase-displaced current levels, two conditions have been considered, which results in different modulation signals. It can be known from Fig. 2(a) that adding a phase-displaced current level requires to have α 1 < α 11 . However, to reduce a specific set of harmonic components, phase-displaced current level needs to be subtracted. Therefore, for those situations, α 1 should be set above α 11 (α 1 > α 11 ). The above equation can easily be extended to multilevel situation by applying (12) to each switching parameters and summing up the corresponding modulation signals.
As it is mentioned, the reference tracking performance of the current controller has an important role in the harmonic mitigation performance. Therefore, the bandwidth of the current controller should be high enough to accurately follow the applied multipulse pattern modulation. For the traditional pulse-width modulation (PWM)-based PI current controller, the control loop bandwidth needs to be less than 1/5 of the switching frequency (i.e., in the case of using Tustin or trapezoidal discretization method). This may result in having a high switching frequency, which can either exceed the power switching device limits or increase the switching losses. Hence, employing a fast current control method such as hysteresis or dead-beat are recommended.
Here, the hysteresis current control method is used. Notably, using the hysteresis current control in the proposed method will not result in a well-known significantly dispersed frequency spectrum, as the input voltage is a rectified voltage with a small ripple as shown in Fig. 1 (i. e., 0.9069V r ≤ v r ≤ 1.0472V r ). Considering the boost converter CCM operation, steady-state duty cycle D, and rectified voltage V r , the switching frequency is changing within the following range:
To better understand this small variation, the considered system parameters in this paper (Table I) is applied to (8) 0.241
Fig . 5 . Synthesis of the modulation signal (i.e., i M ) at the dc-link based on three-phase input currents [13] . 
IV. RESULTS
In this section, the circuit operation and the proposed current modulation scheme are verified through different simulation and experiments using the implemented prototype [ Fig. 3(b) ]. Here, the flexibility of the proposed method by targeting different set of harmonic components is illustrated. The system parameters are listed in Table I . Notably, for all of the harmonic-reduction cases, simulation results are also carried out to show its close agreement with the measured experimental results.
For the sake of comparison, the conventional square-wave (flat) current modulation has been considered as the first case. Fig. 6 shows both the simulated and the obtained measured results along with the harmonic distribution of the input current at phase a.
As the second case, adding one current level to the dclink current was considered to target two low-order harmonics. Hence, the cancellation of 7th and 13th harmonic orders have been considered by solving (3) using MATLAB function-"fsolve." Fig. 7 illustrates the obtained results. As it can be seen from Fig. 7, 7th and 13th harmonic components have been significantly reduced. In the third case, as depicted in Fig. 8, 5th and 13th harmonics have been targeted. However, the obtained results in Figs. 7 and  8 clearly show that the consequence of cancelling 7th harmonic is the increase in the 5th harmonic order and vice versa. This results in higher THD i and power factor (λ) comparing with the conventional square-wave case. To better understand this relation, Fig. 9 illustrates the possible input current magnitudes regarding to both 5th and 7th harmonics orders as a function of switching angle (α 1 ) and newly added current level (I 1 ) when a two-level current modulation is applied to the dc-link. As can be seen, the solutions for eliminating 5th harmonic attained when the switching angle is within the range 65
• < α 1 < 90
• , which is in contrary to the 7th harmonic, where 40
• < α 1 < 55 • , making it impossible to eliminate these two harmonics at the same time.
A proper selection of the harmonics to be reduced or eliminated depends on the application needs. To exemplify, in the second scenario, adding two levels to the square-wave current is considered following (4), and 7th, 11th, and 13th harmonic orders are targeted to be half of their values comparing to the square-wave current. Here, following (7), an optimization needs to be performed, which has been done using a MATLAB genetic optimization algorithm. It is important to apply a suitable restriction following (5) and (6) . As Fig. 10 shows, the three harmonic orders of 7th, 11th, and 13th have been reduced, which, as explained before, results in increase in the 5th harmonic. Table II summarizes the obtained results based on the targeted harmonic orders and THD i for both the proposed and the conventional square-wave methods. As can be seen for all cases, the obtained results slightly differ from what expected which is due to the presence of grid impedance, and consequently affects the calculated angles.
As it was discussed in Section III-A, depending on the application requirement, the converter may operate at different partial power. In fact, this is quite common in applications such as ASD systems [22] . Here, the first modulation type, where 7th and 13th harmonic orders are targeted (Fig. 7) , is considered when the output power is changed in the range 10% < P o < 100%. Notably, following (11), the converter parameters have been recalculated in order to obtain CCM operation based on the minimum power (i.e., P o = 10%). Therefore, L dc and HB are changed to 4 mH and 0.5 A, respectively. Fig. 11 shows the obtained simulation results of input current at phase a (i a ) at different power levels along with their corresponding harmonic distribution. As it can be seen from Fig. 11(b) , although, at all power levels, same THD i is obtained; however, notably, at lower power levels (i.e., P o = 10% and P o = 30%), 7th and 13th harmonics of interest are more reduced. This is due to the fact that in simulation, the line impedance is constant, and at lower powers, the effective line impedance reduces, and consequently its effect on the current modulation as a phase-shift error reduces as well.
To further verify the proposed method at different power levels, same condition is applied to the hardware prototype and the obtained experimental results at P o = 100% and 10% are illustrated in Fig. 12 . As it can be seen from both simulation and experimental results, the performance of the system in terms of THD i and λ is almost constant regardless of the load power.
Finally, the start-up and shut-down dynamic behavior of the implemented system are illustrated in Fig. 13 . For the startup phase of operation, the input voltage is already applied, the load current is flowing, and boost converter is in the OFF-state. Turning on the dc-dc converter makes the controller to start the pulse pattern modulation as seen from the input current i a and changes the output voltage V o from 515 to 700 V dc without any large overshoot [ Fig. 13(a) ]. The symmetrical pulse patterns on the input current after 100 ms validate the PLL settling time. At shut-down phase of operation, the control circuit permanently turns off the IGBT switch; therefore, it stops the current modulation and the output voltage drops to 515 V dc [ Fig. 13(b) ].
V. PERSPECTIVES
The proposed concept gives the possibility to eliminate various sets of harmonic components in a three-phase diode rectifier based on electronic inductor concept. Therefore, based on the application requirement, employing the proposed method can further improve the input current quality by reducing the low-order harmonics. However, as stated before, targeting 5th-and 7th-order harmonic simultaneously solely based on a single unit system is impossible. In this section, one of the possible solutions based on the combination of nonlinear loads [22] - [24] is briefly discussed.
Here, the proposed method is applied to a multipulse rectifier system [10] . Fig. 14 illustrates the application of the proposed concept in a 12-pulse rectifier topology with a common dc-bus. The comparative simulation results are shown in Fig. 15 . Here, except the output power, which is set to 6 kW, same parameters for the system is applied as mentioned in Table I . Fig. 15(a) illustrates the total input current waveform of a conventional 12-pulse rectifier system. Basically, the 12-pulse arrangement eliminates the 5th, 7th, 17th, and 19th harmonic orders [see Fig. 15(d) ]. The improved input current harmonic distortion for a 12-pulse rectifier system depending on the output power level varies between 10% < THD i < 15%. Hence, employing the proposed method applying a twolevel current modulation strategy at the dc-link following (1) and (3) can further improve the input current quality by targeting the remaining 11th and 13th harmonic orders. Notably, here, the same modulation pattern is applied to each converter. The obtained results in Fig. 15(b) and (d) show that the new 12-pulse rectifier system obtained THD i ≈ 5.7%, which is comparable with a conventional 18-pulse rectifier system.
As each current level in the proposed technique can contribute to mitigation of two low-order harmonics, extending the number of the current level using (4) can target larger number of harmonics. Therefore, employing a three-level current modulation at the dc-link can target two more harmonics of 23th and 25th in addition to 11th and 13th harmonics. The obtained total input current waveform with a unity power factor is depicted in Fig. 15(c) , and the harmonic distribution resulting in THD i ≈ 3.8% is shown in Fig. 15(d) . In fact, the only remaining 35th and 37th harmonics imply that applying the proposed method with three-level modulation improves the performance of a conventional 12-pulse rectifier system to be comparable with a conventional 24-pulse rectifier system. Moreover, the output voltage can be increased to higher voltage levels using the boost topology; this is beneficial when the dc-link voltage is fed to an inverter. Unlike the conventional multipulse rectifier systems in which the performance of the system is dependent of the load profile, applying the proposed concept can maintain the input current THD i and power factor regardless of the output power variation.
VI. CONCLUSION
This paper has proposed a novel current modulation technique for a three-phase rectifier with an electronic inductor at the dc-link side. The proposed method modulates the dclink current to control the fundamental current and to reduce the selected line current harmonics. Moreover, calculations of the optimum switching patterns have been conducted based on applying the minimum number of current levels. A main advantage of the proposed method is that the relative values of harmonics with respect to the fundamental value remain constant regardless of load profile variation. Applying the proposed method to other configurations such as 12-pulse rectifier can significantly improve THD i comparative to a 24-pulse rectifier. The performance of the proposed method can be improved by increasing the number of the levels in order to obtain optimum solutions for low-order harmonics which completely depends on the switching frequency and inductor size.
